Abstract The California Current System is an eastern boundary upwelling system (EBUS) with high biological production along the coast. Oligotrophic offshore waters create cross-shore gradients of biological and physical properties, which are affected by intense mesoscale eddy activity. The influence of eddies on ecosystem dynamics in EBUS is still in debate. To elucidate the mechanisms that influence the dynamics of ecosystems trapped in eddies, and the relative contribution of horizontal and vertical advection in determining local production, we analyze a particular cyclonic eddy using Lagrangian particle-tracking analyses of numerical Eulerian. The eddy formed in a coastal upwelling system; coastal waters trapped in the eddy enabled it to leave the upwelling region with high concentrations of plankton and nutrients. The ecosystem was initially driven mainly by recycling of biological material. As the eddy moved offshore, production in its core was enhanced compared to eddy exterior waters through Ekman pumping of nitrate from below the euphotic zone; this Ekman pumping was particularly effective due to the shallow nitracline in the eddy compared to eddy exterior waters. Both eddy trapping and Ekman pumping helped to isolate and maintain the ecosystem productivity in the eddy core. This study shows the importance of cyclonic eddies for biological production in EBUS: they contribute both to the redistribution of the coastal upwelling ecosystem and are local regions of enhanced new production. Together, these processes impact cross-shore gradients of important biological properties.
Introduction
The California Current System (CCS) is an eastern boundary upwelling system (EBUS) characterized by upwelling of cold, salty, nutrient-rich water that supports high biological production along the coast. Low production in the oligotrophic offshore waters creates a strong cross-shore gradient controlled by both offshore Ekman transport and fluxes associated with intense mesoscale activity [Capet et al., 2008; Chaigneau et al., 2009 Chaigneau et al., , 2011 Sangr a et al., 2009; Colas et al., 2011] . This mesoscale activity, and in particular its role in controlling ecosystem dynamics, is the focus of the present study.
The effect of mesoscale turbulence on biogeochemical activity has been a subject of interest for several decades [e.g., Gower et al., 1980; Jenkins, 1988; Mcgillicuddy et al., 1998; McGillicuddy and Johnson, 1999; McGillicuddy and Kosnyrev, 2001; L evy, 2008; Klein and Lapeyre, 2009] . Although the basic mechanisms through which mesoscale turbulence can act on oceanic tracers are well understood [Bleck et al., 1988; Gent and McWilliams, 1990; Lee et al., 1997] , biogeochemical responses are complex due to the mixture of contrasting flow regimes, including coherent eddies, jets, filaments, and fronts. These various dynamical regimes have contrasting effects on biological and chemical fluxes [Lapeyre and Klein, 2006] , which have their own inherent time and space scales of response.
In EBUS, the high productivity associated with mesoscale eddies has been explained through the interaction of horizontal transport and vertical advection [Crawford, 2005; Brzezinski and Washburn, 2011; Lehahn et al., 2011; Morales et al., 2012] , though their relative contributions are often difficult to quantify [L evy, 2008] . In EBUS where eddies form nearshore, eddy productivity will depend on numerous factors, including the nutrient concentrations and planktonic community present in the eddy's source waters [Bibby et al., 2008; Mahaffey et al., 2008] , the horizontal transport efficiency L evy, 2008; Siegel et al., 2011] , and the local physical and biological dynamics of the eddy [The Ring Group, 1981; Benitez-Nelson et al., 2007; Bibby et al., 2008; Almaz an-Becerril et al., 2012; Stramma et al., 2013] .
The discrepancies among regional-scale and local-scale studies, i.e., the apparent reduction in primary production at the regional scale versus enhancement of primary production at the local scale, points to a lack of understanding of the ecological role of eddies in upwelling systems and their effects on ecosystem dynamics. Here we attempt to elucidate the mechanisms that influence the dynamics of ecosystems trapped in cyclonic eddies of EBUS, and the relative contributions of horizontal and vertical advection in determining biological production in the eddies.
To assess the influences of eddies on ecosystem dynamics, we focus on one particular eddy in the Southern CCS from a numerical experiment (detailed in section 2.1). The formation and kinematic evolution of a cyclonic eddy were quantified using Lagrangian particle-tracking analyses [Blanke and Raynaud, 1997; Blanke et al., 1999; Chenillat et al., 2015] (see Figure 1 and section 2.2). This eddy formed at the end of the summer from a coastal meander, through instabilities of the alongshore current. As it formed, the eddy trapped coastal material that created a core with >90% of its water of coastal origin. Subsequent waters wrapped around the eddy, forming concentric layers of different ages, with the oldest water at the core and the youngest at the eddy's edge. The outermost rings were composed of only $70% coastal waters. This eddy detached from the coast around January of the following year, and moved offshore until June. The eddy was a coherent structure during this time-its rotational fluid speed was greater that its translation speed-with weak horizontal exchange among the concentric rings ( Figure 1b) . The core of this cyclonic eddy retained coastal waters for $6 months and was in approximate solid-body rotation for $2 months (Figure 1c ): the two particle pools closest to the eddy center had the same angular velocity x [Sangr a et al., 2005] . These central particle pools were uncoupled from the waters at the edge of the eddy. The trapped coastal, nutrient-rich core water isolated the planktonic ecosystem from horizontal losses and apparently drove locally enhanced biological productivity for several months. In this study, we diagnose the dynamics leading to the local ecosystem response, and estimate the relative contributions of coastal and local inputs.
Here we describe and quantify the planktonic ecosystem dynamics in the eddy core, and compare them with waters outside the eddy (Figure 2 ). Section 2 describes the numerical models and the methodology used; section 3 presents an evaluation of our model to accurately reproduce biological fields; sections 4 and 5 describe the main patterns of the ecosystem in the eddy and the underlying biological-physical processes, respectively. Section 6 provides estimates of the relative contributions of horizontal transport of coastal material versus local vertical input to the ecosystem dynamics in the eddy. A synthesis of this work is given in section 7.
Numerical Models and Methodology

Physical-Biogeochemical Eulerian Model
Using a coupled physical-biogeochemical model, we investigate the effects of mesoscale dynamics on planktonic ecosystems in the Southern California Current System (SCCS), focusing on the dynamics within a single cyclonic eddy.
The physical model is the Regional Ocean Modeling System (ROMS), a three-dimensional, free-surface, hydrostatic, eddy-resolving primitive equation ocean model [Shchepetkin and McWilliams, 2005] . This model was configured with a 5 km resolution horizontal grid covering the entire west coast of the United States from the coast to 1000 km offshore and from southern Canada (508N) to southern Baja California, Mexico (248N) (as in Capet et al. [2008] ), thus capturing the entire California Current System (CCS). The 32 vertical r-coordinate levels, with higher resolution near the surface, resolve the upper ocean physical and ecosystem dynamics. The bathymetry is derived from etopo2 (http://www.ngdc.noaa.gov/mgg/global/etopo2.html) following the Figure 1 . Kinematic of the cyclonic eddy in the Southern CCS. (a) Bimonthly daily mean modeled SSH (grey scale, in cm). On 30 March Y2, Lagrangian particles were initialized in the cyclonic eddy. Different pools were colored based on their initial position in the eddy and tracked backward (e.g., 1 December Y1 and 1 February Y2) and forward (e.g., 1 June Y2) in time using the Ariane Lagrangian module. Each dot corresponds to one particle. The color for each particle pool is used consistently with (b) and (c). The dashed line in in panels of Figure 1a indicates the coastal section through which particles passed before entering the eddy. Of the 1260 total particles in use, only the 843 particles that entered the eddy are shown in figure 1a. (b) and (c) Temporal evolution for each particle pool of the distance from the eddy center, and the corresponding angular velocity. The black lines at 30 March Y2 indicate the initial time (30 March Y2) since the eddy is followed backward or forward in time.
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The biogeochemical model is the lower trophic level ecosystem model NEM-URO (North Pacific Ecosystem Model for Understanding Regional Oceanography) [Kishi et al., 2007] , with two phytoplankton size classes (small, and large, denoted as PS and PL, respectively), and three zooplankton size classes (small, large, and predator, denoted as ZS, ZL, and ZP, respectively). This model is based on nitrogen and silicon biogeochemical cycles. Nitrogen is found in all biological compartments, while silica transits exclusively through PL, which represents diatom-like phytoplankton, and to its consumers, ZL and ZP. The nutrient pool consists of nitrate (NO 2 3 ), ammonium (NH 1 4 ), and silicic acid (Si(OH) 4 ). The detritic pool includes particulate and dissolved organic nitrogen (PON and DON, respectively) and particulate silica (Opal). The evolution of these 11 state variables-or tracer concentrations-can be described by the advection-diffusion equation:
where C is the tracer concentration, the @=@t operator is the local rate of change of the tracer,ũ is the local mean velocity field, and rC is the spatial gradient of C. The Sources and Sinks terms represent the biological gains and losses driven by biological fluxes, described in Table 1 . The ratio Si:N is fixed at 2 in this model, in accordance with observations in the CCS from the Levitus World Ocean Atlas [Garcia et al., 2006] . NEMURO was originally configured for the North Pacific Ocean and has been widely used in the CCS [Rose et al., 2007; Wainwright et al., 2003; Li et al., 2010; Chenillat et al., 2012 Chenillat et al., , 2013 . The parameterization of NEMURO is the same as in Chenillat et al. [2013] . Biological initial conditions and boundary conditions were based on OFES (Ocean general circulation model For the Earth Simulator Sasaki et al., 2004 Sasaki et al., , 2006 ) as in Chenillat et al. [2013] .
The model was spun up for 40 years (30 for the physical model alone, and 10 for the coupled biologicalphysical model); daily averages of all the physical and biological variables were archived over the final 2 years, denoted Y1 and Y2, respectively. Physical and biological fluxes are calculated online during the model runs. The physical and biological data are then averaged over a day, and archived for Y1 and Y2.
Lagrangian Model and Domain Definitions
To highlight the biological roles of the cyclonic eddy described in Figure 1a , and to understand its ability to maintain high planktonic productivity for several months (see section 4), we compared the biological Figure 2 . Schematic representation of the domains of interest: the eddy core (in black), the eddy exterior (in grey), and coastal area (in blue). This color code will be used throughout the paper. The dots represent the eddy-trapped particles from the Lagrangian experiment on 30 March Y2: the eddy core is depicted by the red particles that are in approximate solid-body rotation ( Figure 1c) ; the green particles are the outermost particles that help to diagnose the edge of the eddy, and thus the eddy exterior area.
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dynamics in the eddy core with two noneddy regions: a coastal section in the coastal upwelling region where the eddy originated, and the waters surrounding the eddy (''eddy exterior'') as it moved offshore ( Figure 2 ). Comparisons of the eddy core to the coastal region will help quantify the ability of the eddy core to trap coastal biological material, while analyses of the eddy exterior waters will allow us to test the hypothesis that the biological patterns in the eddy core result from local eddy-influenced dynamics.
The horizontal extent of the eddy core was defined using the results of the Lagrangian experiments ( Figure 1a) . These experiments consisted of seeding the coastline (from 29.28N to 33.18N, and from the surface to a maximum of 200 m depth) each month with 210 particles, from September Y1 to February Y2 [Chenillat et al., 2015] . These particles were tracked forward in time until 30 March Y2, when the coastal eddy had moved offshore. The eddy core was defined by the area covered by the particles in approximate solid-body rotation ( Figure 1c ).
The inner edge of the region surrounding the eddy (the eddy exterior) was also defined using the Lagrangian experiments: it was the average SSH value of the outermost particles of the eddy in the Lagrangian experiments. The eddy exterior area was a square box with 100 km long sides. The sides followed the general orientation of the coastline (cross-shore/along-shore), and the box was centered on the eddy center, defined as the minimum of SSH. The areas of the regions defined for the eddy core and eddy exterior do not change a great deal (5000 km 2 6 500 km 2 (mean 6 standard deviation) from 1 November Y1 to 1 June Y2) before the decay of the eddy (Figure 1a ).
The coastal box was bounded horizontally by latitudes 318N and 338N, the coastline, and a line parallel to the coast positioned 30 km offshore. This domain represents the coastal upwelling region and contains the 135 km long coastal control section ( Figure 1a ) through which all particles of the Lagrangian experiment transited before being incorporated into the eddy.
The analyses spanned the period 1 November Y1 to 1 June Y2, i.e., from the formation of the eddy core to the beginning of its dissipation by the merging of the outermost particles with another mesoscale structure ( Figure 1a ).
2.3. Diagnoses 2.3.1. Euphotic Depth Some subsequent analyses are depth-integrated over the euphotic zone of the given region. The euphotic depth (z euph ) was computed each day of the run based on the diffuse attenuation coefficient of seawater and the attenuation due to the total phytoplankton concentration (sum of PS and PL). For each subdomain, a daily spatially averaged z euph was calculated from 1 November Y1 to 1 June Y2. This calculation gave the same z euph as that calculated using chlorophyll from the model.
Biological Concentrations, Fluxes, and Specific Rates
The structure and functioning of the ecosystem were analyzed using the modeled biological concentrations C (in mmol N m 23 ) and biological fluxes F (in mmol N m 23 d 21 ). The biological fluxes represent the exchanges of nitrogen and silica among the compartments of the biogeochemical model, and losses of particulate matter from the euphotic zone by vertical sinking. Both C and F were horizontally averaged over each region to find their average vertical structure as a function of time, and are denoted C and F , Growth by (1) new and (2) regenerated production (1) Grazing by zooplankton, and (2) natural mortality Zooplankton (ZS, ZL, ZP)
(1) Grazing on phytoplankton, and (2) predation on smaller zooplankton
(1) Predation by larger zooplankton, (2) natural mortality, (3) excretion, and (4) egestion Detritus (PON, DON, Opal) (1) Natural mortality, (2) 
with C the biological concentration and velocity the vertical (w) or horizontal (u,v) component of the velocity. Both C and velocity outputs were averaged daily. Here we define the advective fluxes of biological properties through different surfaces. The vertical advective flux vAdv C was calculated using the vertical velocity at the mean euphotic depth of the region, and was limited horizontally by the area of the region. The horizontal advective flux hAdv C was calculated using the horizontal velocity through the horizontal boundaries of the region, extending from the surface down to the mean euphotic depth of the region. Again, the control volume changed little over time, and the effect on the fluxes was limited.
Ekman Pumping
The linear Ekman pumping,
), is the vertical velocity driven by the curl of the local surface wind stress:
with r3s the wind stress curl, q the surface density of sea water, and f the Coriolis frequency. Nonlinear Ekman pumping takes place at the submesoscale from eddy/wind interactions [e.g., Thomas and Rhines, 2002; Thomas, 2005; Mahadevan et al., 2008] and is neglected here because it is not well resolved by the 5 km resolution used for the model. W E was computed daily over the whole domain, and then averaged horizontally over each region.
Model Assessment
The coupled ROMS-NEMURO model was used successfully in a 15 km horizontal resolution configuration in Chenillat et al. [2013] , and was found complex enough to realistically reproduce the cross-shore gradients of the regional upwelling system. In the present study, we use 5 km horizontal resolution to better resolve the mesoscale dynamics [Capet et al., 2008; Kurian et al., 2011] .
This high-resolution coupled model produces lower coastal primary production compared to the coarserresolution configuration [Chenillat et al., 2013] . This lower production is a direct consequence of increasing the resolution which creates (i) higher local vertical velocities combined with reduced average vertical velocities in most areas, and ( are accurately reproduced. In particular, the Chl-a maximum is dominated by large phytoplankton (diatomlike) close to the shore, and by small phytoplankton (non-diatom-like) offshore, as commonly observed in this region (e.g., line 80 [Li et al., 2010] ). Some differences, such as a deeper Chl-a maximum ($10 m) in our model and the underestimation of the deep nitrate concentration and coastal Chl-a observed in Figures 3c-3f were also observed in the 15 km resolution model. They are related to the inability of the model to accurately represent the mean pathways and/or transformations of upwelling waters [Chenillat et al., 2013] . However, they do not call into question the ability of this model to reproduce realistic mesoscale dynamics
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In this study, we focus on one particular cyclonic eddy. Similar cyclonic eddies have been observed in this region and at the same time of the year [e.g., Mantyla et al., 2008] , based on physical properties such as SSH, and biological properties such as Chl-a ( Figure 4 ). The model phytoplankton biomass (total of PS and PL, in mmol N m 23 ) has been converted to Chl-a using the same methodology as in Chenillat et al. [2013] , based on the Chl-a to carbon conversion of Cloern et al. [1995] . 
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Despite the differences between our model and observations, the coupled model is able to reproduce dynamics of the CCS including the eddy mesoscale activity and the mean biogeochemical patterns-in particular the Chl-a concentrations. In the next sections, we describe in detail the ecosystem structure inside the eddy, and compare it to waters of the eddy exterior and coastal region (Figure 2 ), analyzing the mechanisms involved in maintaining the high Chl-a concentrations in the eddy core.
Biological Patterns and Ecosystem Structure
4.1. Cross-Shore Patterns Vertical sections across the eddy, from the coast at 32.38N to 1208W-308N, show the upward doming of the nitracline (Figure 5a ), temperature, and salinity (not shown), typical of cyclonic eddies [Yentsch and Phinney, 1985; Falkowski et al., 1991] . Most significantly, both Chl-a concentrations (from total phytoplankton biomass, PS1PL) and total zooplankton biomass (ZS1ZL1ZP) have a subsurface maximum at the depth where the nitracline enters the euphotic zone in the eddy (Figures 5b and 5c ). The associated shallower subsurface maximum of biomass is consistent with in situ observations of most cyclonic eddies [The Ring Group, 1981; Falkowski et al., 1991; Benitez-Nelson et al., 2007; Nencioli et al., 2008] , including eddies in upwelling areas [Nishimoto and Washburn, 2002; Moore et al., 2007; Peterson et al., 2011; Brzezinski and Washburn, 2011; Almaz an-Becerril et al., 2012; Stramma et al., 2013] . This enhanced subsurface maximum in the core of the eddy compared to the eddy exterior is likely driven by local upwelling of nutrients across the domed isopycnals, which sustains high local production [Falkowski et al., 1991; Mcgillicuddy et al., 1998; Siegel et al., 1999] . Indeed, within the eddy, the 100 m depth horizontal velocity amplitude is about 60% of the surface amplitude showing that the overall eddy depth reaches deep, nutrient-rich water, i.e., deeper than the euphotic zone.
The subsurface Chl-a maximum in the eddy core contrasts with those of the eddy exterior waters $75 km and 250 km off the coast, where the isolines of nitrate are deeper and both Chl-a concentration and total zooplankton biomass are lower than in the eddy [Haury et al., 1978; The Ring Group, 1981; Crawford, 2005; Crawford et al., 2005; Benitez-Nelson et al., 2007; Moore et al., 2007; Dietze et al., 2009; Peterson et al., 2011 : Almaz an-Becerril et al., 2012 . In the 30 km band at the coast, the effects of coastal upwelling are apparent: the nitracline is shallow and enters the euphotic zone, inducing high primary production; Chl-a is higher, and zooplankton concentration is lower than in the eddy core [Morales et al., 2012] .
By following the time-evolution of these biological distributions-separately for each class-we will compare and contrast the planktonic ecosystem structures of these different regions. 
Evolution of the Ecosystem: Region Comparison
To facilitate comparison of the concentrations of key biological variables, the properties were depth integrated over z euph and averaged over each region-the eddy core, the eddy exterior, and the coastal region ( Figure 6 ).
When the eddy formed at the coast in November Y1, the ecosystem structure in the eddy core was similar to the ecosystem in the coastal upwelling region, with a comparable total nitrogen concentration of $130 mmol m 22 . Nitrate dominated the total nitrogen (sum of organic and inorganic matter) concentrations with (Figure 6a) , and despite the slight differences between the two regions in the concentrations of all the planktonic classes, their relative proportions were equal: the phytoplankton was 47% PS and 53% PL (Figures 6b and 6c) , and the zooplankton 24% ZS, 35% ZL, and 41% ZP (Figures 6d, 6e , and 6f). These similarities in community structure were due to the trapping of large amounts of upwelled coastal waters in . These biological concentrations are integrated over the euphotic layer, and averaged horizontally over each domain of interest: the eddy core area (black bold solid lines), the eddy exterior area (grey bold solid lines), and the coastal area (blue bold-dashed lines). Standard deviations are represented as the daily spatial variability over the domain (thin solid lines): the low variability over the eddy core area reflects the spatial homogeneity of concentrations in this domain; the high variability of coastal upwelling concentrations is due to the spatial extent of the domain and the heterogeneity of concentrations.
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the eddy core [Flierl, 1981; Beckenbach and Washburn, 2004; Early et al., 2011; Almaz an-Becerril et al., 2012] ; these waters account for 93% of the total core water.
While the eddy continued to grow and move offshore, the total nitrogen concentration remained relatively constant at $131 mmol m 22 in its core, whereas the relative proportions of biological components varied from their initial conditions. From 1 November Y1 to the middle of April Y2, total phytoplankton and zooplankton concentrations both increased by $13% in the eddy, the percentage of large phytoplankton increased (42% PS and 58% PL), and the zooplankton community was partitioned into 19% ZS, 34% ZL, and 47% ZP. Though the integrated nitrate decreased about 10%, the small plankton classes PS and ZS tended to stay relatively constant, while the concentration of large organisms increased until the end of April Y2 by $20% for PL, $16% for ZL, and $34% for ZP. This differential response among size classes reveals a shift in the ecosystem structure as the eddy matured toward a majority of large organisms, especially for ZP. Similar patterns have been observed previously in various cyclonic eddies formed at the coast: following these eddies over 2-3 weeks, Chl-a concentration remained relatively constant or slightly increased [Bibby et al., 2008; Brown et al., 2008] , and large zooplankton species became dominant [Goldthwait and Steinberg, 2008; Landry et al., 2008b] . However, differences in the phytoplankton community size structure among eddies appears to be due to the local nutrient availability and/or the stage of eddy development [Sweeney et al., 2003] . Both these factors are correlated with physical and biological dynamics, e.g., nutrient fluxes linked to eddy dynamics Nencioli et al., 2008] , and rate of photosynthesis or grazing pressure by zooplankton [Landry et al., 2008a ]. In our model, such information is available and continuous over longer periods, allowing us to understand and quantify the mechanisms responsible for such structural changes in the ecosystem.
Both the composition and the concentrations of the planktonic classes in the eddy departed from those of the coastal upwelling region after March Y2. At the coast, all the concentrations increased significantly and the total nitrogen concentration reached $230 mmol m 22 -much more than in the eddy core (as in Morales et al. [2012] )-in conjunction with enhanced coastal upwelling in late winter/early spring. The resulting coastal ecosystem structure contained larger concentrations of PL and ZL, contrasting with the eddy core which had higher ZP concentrations.
Over the life of the eddy, biological concentrations in the eddy core were always much higher (by a factor of $2-3) than in the oligotrophic eddy exterior waters. This observation is consistent with studies of other coastal eddies where this factor may vary up to 4 [Benitez-Nelson et al., 2007; Bibby et al., 2008; Almaz anBecerril et al., 2012; Stramma et al., 2013] . Total nitrogen concentrations in the eddy exterior waters were $42 mmol m 22 -always lower than inside the eddy-showing a clear local effect of the presence of the eddy. There was low lateral mixing between waters of the eddy's core and its edge (Figures 1a and 1b) , demonstrating the capacity of the eddy to maintain high biological concentrations at its core for several months.
This comparison of vertically integrated properties among regions is useful for elucidating differences in the ecosystem structure of the eddy's core compared to relevant noneddy regions. However, given the intense deep Chl-a and zooplankton maxima in the eddy (Figure 5 ), we might expect some vertical heterogeneity in the ecosystem response inside the eddy relative to the eddy exterior waters. Vertical gradients are often associated with planktonic assemblages dominated by large size classes in subsurface water (driven by local nutrient inputs), contrasting with a dominance of small size classes in the surface mixed layer .
Evolution of the Vertical Structure in the Eddy Core
Vertical profiles of biological variables and total nitrogen in the ecosystem averaged over the eddy core (Figure 7 ) demonstrate the decoupling of the mixed layer (ML) from the subsurface layer (between the bottom of the ML and the euphotic depth), with low (high) concentrations at the surface (subsurface) [Bibby et al., 2008; Landry et al., 2008b] . The depths of these two layers changed over time through seasonal changes of the ML. The initial 14 m depth of the ML in the eddy core in November Y1 deepened to 41 m in February Y2, then shoaled to 20 m in June Y2, consistent with higher mixing in winter followed by spring stratification. The euphotic depth did not change a great deal over time and remained at $60 m (Figure 7) , i.e., 20 m or more deeper than the base of the ML. This does not allow nutrient replenishment of the ML by vertical mixing, even during winter.
Journal of Geophysical Research: Oceans
10.1002/2015JC010826
Though the ML in the eddy core showed low nitrate concentrations compared to subsurface waters ( Figure  7a ), there was a clear planktonic response to changes in the ML depth (Figures 7b-7f ). As the eddy formed at the coast in November Y1 and the ML deepened, the initially low surface planktonic concentrations . The density (grey lines), the mixed layer (ML) depth (black bold line), and the euphotic layer depth (white bold line) are superimposed.
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increased by factors of 5.6 and 4 for the phytoplankton and the zooplankton, respectively (Figures 7b-7f) . Most of this increase was in the larger size classes, which showed sequential peak abundances: PL, ZL, and ZP concentrations peaked in January, February, and March Y2, respectively. The PS and ZS concentrations remained relatively constant during eddy formation. As the eddy propagated offshore, there was a decrease of all planktonic concentrations at the surface. This decrease could be related to either the normal seasonal cycle of the offshore ecosystem or to the time since the eddy core and associated ecosystem became isolated from their eddy exterior water masses (Figures 1a and 1b) . Such a decrease of surface concentrations of Chl-a with the age of the eddy has been seen in cyclonic eddies of the CCS using satellite data (M. D. Ohman, K. Barbeau, R. Goericke, M. R. Landry, and A. J. Miller, Ecological Transitions in the California Current Ecosystem: CCE-LTER Phase II, unpublished material, 2010) [Gaube, 2012] . However, the satellite data miss critical details of the subsurface dynamics of the primary producers [Chelton et al., 2011b] .
In exploring the subsurface patterns, we focus on the ecosystem response between the bottom of the ML and the base of the euphotic zone in the eddy's core. Nitrate concentrations here were 10 times higher than at the surface, and the nitracline depth shoaled into the euphotic zone as the eddy moved offshore, until March Y2 (Figure 7a ). This shoaling nitracline led to large increases in the subsurface plankton concentrations from March to April Y2 for phytoplankton and April to May Y2 for zooplankton (Figures 7b-7f ). The response of the ecosystem is clear in examining the total nitrogen of the system (Figure 7g ): the main signal is an upward lifting of the deep nitrogen pool that followed the shoaling nitracline (Figure 7a ). The delay between peaks in the different size classes is shorter in the subsurface layer than in ML, reflecting vertical differences in the response of the ecosystem to local forcing in the eddy core.
In situ data of cyclonic mesoscale features in EBUS are relatively sparse, but recent sampling in various systems has provided evidence of subsurface maxima of phytoplanktonic assemblages [e.g., Bibby et al., 2008; Almaz an-Becerril et al., 2012] . The observed assemblages varied with the distance of the eddy from the coast, which is correlated with the eddy age . The different phytoplanktonic assemblages were found to vary with changes in the degree of remineralization inside the eddy and the local nutrient supply Rii et al., 2008] or the differential planktonic response to the environment [Almaz an-Becerril and Garc ıa-Mendoza, 2008; Suggett et al., 2009; Almaz an-Becerril et al., 2012] . Moreover, these subsurface maxima of phytoplanktonic assemblages in cyclonic eddies were associated with high photosynthetic rates [e.g., Bibby et al., 2008; Almaz an-Becerril et al., 2012] . These rates were stimulated by high nutrient concentrations associated with the shoaling of the nitracline into the euphotic layer.
To identify and quantify the mechanisms driving the biological response inside the cyclonic eddy, we now focus on the biological and physical fluxes controlling the sources and sinks of biological material, including recycling of organic matter inside the eddy.
Physical-Biological Dynamics
Biological Fluxes and Ecosystem Functioning
Our goal is to understand the mechanisms driving the ecosystem changes in the eddy core. We saw that when the eddy core formed and detached from the coast, it evolved independently of its source waters and the eddy exterior waters (see section 4). Over the months of offshore transport, sinking organic matter would be expected to induce a decrease in biological concentrations in the eddy [Gruber et al., 2011] . Instead, we observed sustained high biomass, and even an increase in the large size classes. In this section, we analyze the biological fluxes driving exchanges of nutrients among the biological compartments.
In the eddy core, the time-averaged total primary production of 1.60 mmol N m 22 d 21 was comprised of 40% ammonium (NH (Figures 8a and 8b) . While the eddy moved offshore, total primary production first decreased slightly then increased, though the ratio of NO 2 3 to NH 1 4 uptake remained constant. Nutrients are made available through recycling, fueling regenerated production, or they can be brought into the euphotic layer through physical processes, fueling new production [Dugdale and Goering, 1967] . To understand nutrient uptake dynamics, we begin by quantifying the biological sources of NO 
Sinking of particulate matter
Coastal area Eddy exterior Eddy core Figure 8 . Time evolution of some biological fluxes, integrated over the euphotic layer, and averaged over the eddy core (black bold solid lines), the eddy exterior area (grey bold solid lines), and the coastal area (blue bold dashed lines): (a) production based on nitrate, (b) production based on ammonium, (c) nitrification, (d) total ammonium sources (from egestion by zooplankton, and recycling of dissolved and particulate matters), and (c) sinking of particulate matter. Units are mmol N m 22 d
21
. Standard deviations are given as the daily spatial variability over the domain (thin solid lines).
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Because of photosynthetic uptake in the euphotic zone and remineralization of sinking organic material in deep water, NO 2 3 concentrations tend to be low in the euphotic zone and high in deep water (Figure 7) . The only biological source of NO In contrast, the sinking of particulate matter (0.76 mmol N m 22 d 21 on average) (Figure 8e ), which drives a loss of nitrogen from the eddy core, is about half the total primary production of 1.60 mmol N m 22 d
21
( Figures 8a and 8b) . Thus, the combination of sinking and biological fluxes cannot lead to a balanced biological system: nitrogen concentrations would decrease in the eddy core. Clearly, to maintain the elevated total nitrogen concentrations in the eddy core there must be a source of nitrate driven by physical processes.
Vertical Advection of Nitrate
Mesoscale features are known for their locally enhanced vertical velocities at their formation [Sweeney et al., 2003] . In particular, in cyclonic eddies we expect to observe shoaling isopycnals and an upward advective flux of nitrate driven by upward vertical velocities acting on enhanced deep nitrate concentrations [Mcgillicuddy et al., 1998 [Mcgillicuddy et al., , 2007 Nishimoto and Washburn, 2002; Benitez-Nelson et al., 2007; Moore et al., 2007; Brzezinski and Washburn, 2011; Peterson et al., 2011] . However, according to Sweeney et al. [2003] when an eddy reaches its ''mature'' phase, it evolves in solid body rotation and vertical advective inputs are limited. This hypothesis was revisited by Nencioli et al. [2008] using in situ observations: they suggest that during this ''mature'' phase, local nutrient upwelling occurs while the eddy translates horizontally. Our results suggest that the advective shoaling of the nitracline into the euphotic zone (Figure 7a ) could explain the difference between the total nitrate uptake and production based on nitrate made available through nitrification in the eddy's core (Figures 8a and 8c) . Much of the vertical advection of nitrate is driven by Ekman pumping acting on the shallow nutricline in the eddy [Martin and Richards, 2001; McGillicuddy et al., 2007] . The pumping itself (W E ) represents a local upwelling driven by the surface wind stress curl r3s. In the core of the eddy, W E was estimated to be $0.13 6 0.04 m d 21 , (computed from 1 January to 1 June Y2, when the net vertical advective flux was positive); this is the same order of magnitude as in the eddy exterior waters ($0.09 6 0.07 m d 21 ). This velocity corresponds to $20 m in 6 months (the eddy lifetime) which is modest. However, the vertical nitrate flux is driven by the product of W E and the local nitrate concentration. In the eddy core, the nitrate flux is enhanced due to the high nitrate concentrations at shallow depths driven by the domed isopycnals (and isolines of nitrate) shaping the cyclonic eddy. Outside the eddy, the low vertical advective flux of nitrate to the euphotic zone mainly reflects the deep nitracline-deeper than z euph . Even though vertical velocities at the base of the euphotic layer are, on average, slightly higher outside the eddy than within the eddy core (0.15 m d 21 versus 0.10 m d 21 in the eddy core), the nitrate concentrations there are so low (20.0 mmol N m 22 versus 86.6 mmol N m 22 in the eddy core) that the net vertical advective nitrate flux is low. Note that within the eddy core, the variability of the vertical velocity is half that outside the eddy where a mixture of processes occurs. The Ekman pumping simply lifts nutrients up; it is the shoaling of the nitracline into the euphotic layer due to the presence of the cyclonic eddy that allows the enhanced nitrate flux into the euphotic zone of the eddy core. The presence of the eddy (the doming of the isopycnals and nitrate isopleths) predisposes the Ekman pumping to be capable of advecting nitrate into the euphotic zone.
Eddy-wind interactions also can dampen eddy-induced upwelling in cyclonic eddies through an air/sea interaction driven by the feedback of the eddy rotation to the wind stress curl, reducing the effective wind stress curl [Martin and Richards, 2001; McGillicuddy et al., 2007] . By reducing W E ; these eddy-wind interactions would decrease the local input of nitrate and the strength of the biological response in cyclonic eddies. This mechanism is not taken into account in our model, but in the CCS this eddy/wind interaction In this model, we also neglect the potential nutrient fluxes driven by nonlinear Ekman pumping. Nonlinear Ekman pumping mainly occurs at the submesoscale, in response to sharp vorticity gradients [Stern, 1965; Thomas and Rhines, 2002; Mahadevan et al., 2008] , but mainly around the eddy edges [Klein and Lapeyre, 2009] , where vertically displaced water is redistributed to the eddy core by advection [Mahadevan et al., 2008] . We verified that nonlinear processes are negligible in our model (ratio of the relative vorticity to the Coriolis term is (1) suggesting that our estimate of Ekman pumping is well represented by the linear component.
Given that vertical advection is the main source of locally enhanced nitrate fluxes into the euphotic zone, it is important to explore how this enhanced flux influences the vertical structure of local production.
Vertical Decoupling of Biological Production
As mentioned earlier, planktonic groups in the eddy core show segregation between the ML and the subsurface layer, with their concentrations evolving differently through time (Figure 7 ). Here we analyze new and regenerated primary production, ecosystem function, and differential ecosystem responses in the ML and in the subsurface layer. In this section, ratios, fluxes and specific rates are given as temporal averages over the period of analysis, and depth-averages over the layer mentioned (euphotic layer, mixed layer, or subsurface layer).
We can assume that nutrients-mainly NO 2 3 -upwelled into the euphotic zone are directly utilized for new production (as in Siegel et al. [1999] ). This assumption allows us to calculate an f-ratio [Eppley and Peterson, 1979] , which represents the ratio of primary production driven by nutrient input into the euphotic zone (''new production'') relative to the total primary production. We found an f-ratio of 0.5 in the eddy core over the entire euphotic zone, contrasting with f-ratios of 0.4 and 0.7 in the eddy exterior and coastal regions, respectively. The high coastal f-ratio is consistent with in situ data [Chavez and Smith, 1995] and reflects the significant nutrient supply by coastal upwelling, which sustains intense biological production there. Conversely, the f-ratio is lower in the eddy exterior waters, where the productivity is low. However, in the core of the eddy, the f-ratio is lower than might be expected according to preceding studies [Allen et al., 1996] ; this is because it is averaged over the entire euphotic zone, reflecting the biological uncoupling between the ML and the subsurface layer (Figure 7 ).
In the ML, the total primary production reached its maximum in February Y2, with a depth-integrated (over the ML) time average of 0.63 mmol N m 22 d 21 (Figure 10c ). This primary production was based mainly on 6% of the biological nitrogen uptake was supported by physical processes (advection and diffusion), and the f-ratio in the ML was <0.1. In the ecosystem model, all the nitrogen-specific recycling rates were constant, with a decomposition rate of particulate matter to NH for ZS, ZL, and ZP). This also suggests that in the ML the ecosystem is highly dependent on the regeneration of the coastal material initially present in the eddy. These concentrations ultimately limit the ML ecosystem functions, leading to a decline of concentrations through export of particulate matter by sinking.
In the subsurface layer, between the bottom of the ML and the base of the euphotic zone, the ecosystem is more productive than in the ML. During the life of the eddy, the depth-integrated time-averaged total 
Ammonium based production
Total primary production Figure 10 . Time evolution of the vertical dependence of primary production averaged over the eddy core: (a) the production based on nitrate, (b) the production based on ammonium, and (c) the total primary production. The density (grey lines), the mixed layer (ML) depth (black bold line), and the euphotic layer depth (white bold line) are superimposed.
Journal of Geophysical Research: Oceans ing an f-ratio of $0.8, comparable with in situ data from cyclonic eddy cores [e.g., Allen et al., 1996] . This high primary production, dominated by new production due to the continuous vertical input of nitrate (Figure 11b) , efficiently fueled the higher trophic levels [Landry et al., 2008b] . Indeed, though all the recycling rates are the same as in the ML, subsurface phytoplankton growth rates (0.07 d 21 and 0.09 d 21 for PS and PL) and zooplankton grazing rates (0.09 d 21 , 0.14 d 21 , and 0.07 d 21 for ZS, ZL, and ZP, respectively) were much higher. In this subsurface layer, recycling is limited; high primary and secondary production is maintained by physical advection of nutrients (Figure 11a ). Note that the total advection of nitrate (sum of horizontal and vertical advection) is mainly due to a vertical advection from below the euphotic layer ( Figure  11b ), while a weak lateral advective loss of nitrate occurs subsurface (Figure 11c ). These vertically advected new nutrients appear to be trapped in this subsurface layer, leaving the surface ML decoupled from the subsurface layer, and dependent on recycled nutrients.
The fluxes of dissolved inorganic nitrogen demonstrate that the ecosystem functions quite differently in the surface and subsurface layers: biological activity is stratified in the water column [Landry et al., 2008b] . In the subsurface layer, the ecosystem dynamics were largely driven by the input of new nutrients as a result of continuous vertical advection of nitrate into the base of the euphotic zone ( Figure 11b ). This led to higher turnover rates in the subsurface layer compared to the surface layer: an increase of 150% for the larger size classes, and 230% for the smaller size classes. In the surface layer, the ecosystem is mainly based on recycled nutrients (originating from coastal material) with low nutrient input [see also Almaz anBecerril et al., 2012] . The vertical advective flux of nitrate induced a vertical bifurcation in ecosystem functioning in the core of the eddy: larger organisms dominating the subsurface layer were controlled by physical fluxes of new nutrients, while both small and large organisms at the surface relied on recycled nutrients originating from the eddy's coastal source, consistent with in situ observations of cyclonic eddies .
Horizontal Cross-Shore Transport Versus Vertical Local Input
Mesoscale dynamics drive both horizontal cross-shore transport and local vertical inputs [Crawford, 2005; Feng et al., 2007; Moore et al., 2007; Brzezinski and Washburn, 2011; Lehahn et al., 2011; Peterson et al., 2011; Morales et al., 2012] . Our analyses show that horizontal and vertical dynamics work together to control ecosystem functioning in the eddy core. Vertical advective inputs of nitrate to the eddy core drove locally enhanced new production that represented $50% of the total primary production in the subsurface waters. Furthermore, the core of the eddy was formed with enhanced nutrient concentrations due to its coastal origin; these nutrients ($2/3 of the total nitrogen stock) plus those imported vertically by advection ($1/3 of the total nitrogen stock) were locally recycled through the ecosystem as the eddy moved offshore, with a portion lost through sinking. Of the nitrogen transported from the coast, we estimate that after 7 months $1/2 was recycled through biological activities and $1/2 sank with particulate material. We show that the sinking losses are locally compensated by a vertical input within the eddy driven by the Ekman pumping that lifts the domed nitracline up into the euphotic layer.
We found that for EBUS horizontal advection by eddies plays an important role in trapping coastal biological material, particularly at the surface within the core. Over several months this material was efficiently transported offshore with limited lateral exchange, and the biological activity was maintained despite some losses by vertical sinking. While the eddy travels offshore, vertical advection drives an enhanced flux of nitrate to subsurface waters at the core of the eddy. This subsurface enrichment does not affect the surface layer where trapped material is recycled. The subsurface enrichment locally enhances biological production as in in situ observations [e.g., Morales et al., 2011; Stramma et al., 2013] . The fact that subsurface particles located on the edge of the eddy remain trapped there for long periods of time strongly suggests that the leaky model proposed by Nencioli et al. [2008] does not apply here. In their model, advective and diffusive exchanges along isopycnals spread some of the primary production away from the eddy. In our case, the eddy structure remained coherent below the euphotic layer and isopycnal leakage is presumably weak (Figures 1a and 1b) .
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Our results are based on a relatively simple ecosystem model, which facilitates the analysis of the complex mechanisms involved in the physical-biological interactions within an eddy. NEMURO is based on two phytoplankton size classes and three zooplankton size-classes [Kishi et al., 2007] ; implementation of more complex planktonic size-class interactions would lead to better understanding of shifts in the planktonic community structure, from dominance by coastal species to open ocean species ; 
Conclusions
This study offers a new vision of the ecological role of eddies in an upwelling system: in addition to the redistribution of coastal material offshore [Gruber et al., 2011] , eddies are important sites of locally enhanced production. Our findings show that eddies reduce the coastal production by cross-shore export of material at the regional scale, contributing to local vertical export of material to the deep ocean. However, eddies influence the local production and ecosystem dynamics, offering ecological niches for higher trophic levels. The cyclonic eddy formed in a coastal upwelling system sustained biological production for several months while moving offshore. Enhanced production in the eddy's core shows the local effect of the cyclonic eddy on the planktonic ecosystem, compared to eddy exterior waters. Several mechanisms are associated with the sustained biological production in the eddy core. First, trapping of coastal material enables the eddy to leave the coastal upwelling region with high concentrations of plankton and nutrients. Due to the ability of the eddy to trap material in its core waters, the ecosystem is initially driven mainly by recycling of biological material. As the eddy moves offshore, vertical advection of nitrate from below the euphotic zone balances the loss of particulate material from sinking. This local input of nitrate is the consequence of the uplift of the preexisting dome of the nitracline by Ekman pumping and drives high new production at the base of the euphotic zone, accounting for about 1/3 of the total vertically integrated production. Finally, both eddy trapping and Ekman pumping help to isolate and maintain the ecosystem dynamics in the eddy core, with different balances of new and regenerated production in the surface mixed layer and the subsurface layer.
One might expect to find less separation of the surface and subsurface layers in the real ocean than in our simulations (as suggested by the Chl-a model-CalCOFI comparison in Figure 3 for the entire domain); we see at least three reasons to support this expectation. First, episodic fluctuations in atmospheric forcings are expected to occasionally produce mixed layers tens of meters deeper than the climatological average thereby bringing some of the subsurface nutrients and phytoplankton upward. However, several weeks can separate such episodic fluctuations leading to important surface-subsurface decoupling. Finally, we have shown that the biomass of large zooplankton species can be enhanced inside eddies as observed in Goldthwait and Steinberg [2008] . The corresponding zooplankton species have been shown to be diel migrants [Landry et al., 2008b] . Such behavior is not included in NEMURO, but diel vertical migration tends to reduce the surface/subsurface gradient within the eddy due to (i) higher vertical migration within the upper 150 m that occurs mainly at night [Goldthwait and Steinberg, 2008] and/or (ii) an increase in the export flux of matter [Longhurst et al., 1990; Steinberg et al., 2000 Steinberg et al., , 2002 Al-Mutairi and Landry, 2001] . These issues are left to future studies, and require much higher resolution simulations and more sophisticated biogeochemical models than employed here.
